Chromosome segregation ensures that DNA is equally divided between daughter cells during each round of cell division. The centromere (CEN) is the specific locus on each chromosome that directs formation of the kinetochore, the multiprotein complex that interacts with the spindle microtubules to promote proper chromosomal alignment and segregation during mitosis. CENs are organized into a specialized chromatin structure due to the incorporation of an essential CEN-specific histone H3 variant ( CenH3 ͉ chromatin ͉ kinetochore C hromosome segregation is directed by the multiprotein kinetochore (KT) complex that assembles on centromeres (CENs) and interacts with the spindle apparatus to control chromosome movement during cell division (for reviews, see refs. 1 and 2). Although KT function is conserved, phylogenetic analysis of centromeric DNA reveals no common sequence element that would identify a CEN across species. Like all other parts of the genome, the DNA of CENs is organized into chromatin, a higher order structure in which DNA is wrapped around histones to generate nucleosomes. Typical octameric nucleosomes contain two molecules of each of four histones, H2A, H2B, H3, and H4, whereas centromeric nucleosomes are structurally distinct, containing an evolutionarily conserved CEN-specific histone H3 variant (CenH3) in place of canonical H3 (for review, see ref.
C
hromosome segregation is directed by the multiprotein kinetochore (KT) complex that assembles on centromeres (CENs) and interacts with the spindle apparatus to control chromosome movement during cell division (for reviews, see refs. 1 and 2). Although KT function is conserved, phylogenetic analysis of centromeric DNA reveals no common sequence element that would identify a CEN across species. Like all other parts of the genome, the DNA of CENs is organized into chromatin, a higher order structure in which DNA is wrapped around histones to generate nucleosomes. Typical octameric nucleosomes contain two molecules of each of four histones, H2A, H2B, H3, and H4, whereas centromeric nucleosomes are structurally distinct, containing an evolutionarily conserved CEN-specific histone H3 variant (CenH3) in place of canonical H3 (for review, see ref.
3). The conservation of CenH3 across eukaryotes and its strict CEN localization in all species suggest that it is the epigenetic CEN identifier. Consistent with this finding, overexpression of the Drosophila CenH3 leads to its localization in euchromatin and the formation of ectopic KTs, resulting in subsequent defects in genomic stability (4) .
Despite the requirement for CenH3 in CEN specification, it is unclear how CenH3 nucleosomes structurally organize centromeric DNA to promote KT formation. In humans, CenH3 associates with centromeric ␣ satellite repeats (5) , resulting in megabase expanses of centromeric nucleosomes. These centromeric nucleosomes drive the assembly of the KT structure that interacts with multiple microtubules. However, the number of CenH3 nucleosomes far exceeds the number of microtubules associated with a CEN, making the minimal number and arrangement of CenH3 nucleosomes necessary to assemble a single functional KT unclear. In flies and humans, blocks of CenH3 nucleosomes are interspersed with blocks of H3 nucleosomes (6) , suggesting that higher order folding of the centromeric region may be necessary for its function. In contrast to the complex CEN arrangement of higher eukaryotes, Saccharomyces cerevisiae contains a short, defined CEN that associates with a single microtubule (7, 8) , making budding yeast an ideal system to molecularly dissect the minimal unit of centromeric chromatin necessary for proper chromosome segregation.
The budding yeast CEN is defined by an Ϸ200-bp nucleaseresistant region that encompasses the Ϸ125-bp CENdetermining elements, with regularly spaced nucleosomes positioned on either side (9) . However, because of the technical limitations imposed by standard ChIP experiments, in particular the size distribution of chromatin fragments produced by sonication, the precise number and position of CenH3 nucleosomes with respect to the CEN remains controversial. Some models suggest that there is one CenH3 nucleosome residing over the CEN (10) , whereas others conclude that there are several CenH3 nucleosomes positioned only in CEN-flanking regions (11) , or stretches of CenH3 nucleosomes encompassing a 20-kb region centered on the CEN (12) . Although the development of tiling microarrays has provided additional resolution to analyzing ChIP data, centromeric DNA is currently not included on commercially available tiling arrays.
Here, we describe an approach to determine the organization of chromatin at the CEN in budding yeast with singlenucleosome resolution. Our method couples the immunoprecipitation of micrococcal nuclease (MNase)-treated native chromatin with Southern blot analysis, which preserves the information about the size and relative position of centromeric nucleosomes that are lost by popular detection methods such as PCR. This approach demonstrates that a single nucleosome containing the budding yeast CenH3, Cse4, forms the minimal unit of centromeric chromatin necessary for KT assembly and proper chromosome segregation.
Results
ChIP Approach with Single-Nucleosome Resolution. Previous attempts to map the localization of Cse4 with respect to the CEN have relied on the use of PCR or microarray assays after ChIP. The standard ChIP protocol utilizes sonication to shear chromatin before immunoprecipitation, resulting in a distribution of chromatin fragments typically centered at Ϸ500 bp. With a mean sonicated fragment size much larger than that of the average nucleosomal protected fragment, positive localization signals will be detected provided that the amplicon (PCR) or probe (microarray) exist anywhere in the immunoprecipitated DNA. Because these techniques lose information about the size of the immunoprecipitated DNA and the relative location of the amplicon or probe with respect to the protein of interest, ChIP data reflect the sonicated fragment size distribution around the target protein rather than the protein's true location. To overcome these issues and accurately determine the position of CenH3 nucleosomes in budding yeast, we modified the standard ChIP approach to obtain single-nucleosome resolution. Nuclei were isolated from midlogarithmic-phase cultures and were subjected to partial MNase digestion, which preferentially cuts the linker DNA, generating a nucleosomal ladder (Fig. 1A) . Because we were interested in the nucleosome composition of CENs, we verified the presence of centromeric DNA in the solubilized chromatin sample by Southern blot analysis with a probe specific to the CEN of chromosome IV (CEN4) (Fig. 1B) . In addition, we confirmed the presence of Cse4 in the chromatin sample by immunoblotting with anti-Cse4 antibody (data not shown).
To localize Cse4, solubilized chromatin was immunoprecipitated with anti-Cse4 antibody and analyzed by Southern blot analysis. To obtain single-nucleosome resolution, the Southern probes were designed to hybridize to DNA sequences within a single nucleosome and not to linker DNA between nucleosomes on the basis of published nucleosome positioning data (9, 13) [supporting information (SI) Table 1 ]. Because Southern blot analysis preserves information about the size of the immunoprecipitated fragment, the use of probes that specifically hybridize to individual nucleosomes can precisely determine the localization of Cse4 with respect to the CEN (Fig. 1C) . For example, if Cse4 localizes exclusively to the Ϸ125-bp centromeric DNA sequence, a mononucleosome-sized fragment will be detected only with a probe corresponding to the CEN, whereas probes distal to the centromeric core will detect only increasingly larger nucleosomal fragments (Fig. 1C, scenario A) . In contrast, if Cse4 localizes to both the CEN and the flanking nucleosomes, then mononucleosome-sized fragments will be detected with both the core and distal nucleosomal probes (Fig. 1C, scenario  B) . Therefore, by using probes that hybridize to DNA within a single nucleosome, the presence of mononucleosome-sized DNA after immunoprecipitation decisively demonstrates that Cse4 associates with DNA at that nucleosomal position.
Budding Yeast CENs Are Composed of a Single Cse4 Nucleosome. To determine the localization of Cse4 nucleosomes with respect to the CEN, we generated a yeast strain in which the sole source of Cse4 was a functional N-terminal 3xFLAG-epitope-tagged version. Cse4 was immunoprecipitated from solubilized MNasetreated chromatin with anti-FLAG agarose beads, and Southern blot analysis was performed on the associated DNA by using probes specific to nucleosomes at and around the CEN of chromosome III (CEN3), one of the smallest budding yeast chromosomes. As shown in Fig. 2 , a mononucleosome-sized DNA fragment was detected only with a probe specific to the centromeric core sequence. We confirmed that the detection of the mononucleosome-sized fragment at the CEN depends on the presence of antibody against Cse4 (Fig. 3) . Despite the presence of MNase-protected fragments ranging from monomers to larger oligomers in the input material (SI Fig. 5 ), probes corresponding to the Ϫ1 and ϩ1 nucleosomal positions recognized dinucleosome and larger fragments with no detectable signal for mononucleosome-sized fragments (Fig. 2) . Similarly, probes to the Ϫ2 and ϩ2 nucleosomal positions recognized trinucleosome and larger fragments, and probes to the Ϫ3 and ϩ3 nucleosomal positions recognized tetranucleosome and larger fragments. Because mononucleosomes are not detected at nucleosomal positions distal to the core, these data indicate that Cse4 is stably positioned and precipitated only in larger nucleosomal arrays because of its presence at the CEN. Of special note is that the absence of trinucleosomes after hybridization with probes specific to the Ϫ3 and ϩ3 nucleosomal positions relative to the core indicates that Cse4 is not incorporated into the five nucleosomes to the immediate left or right of the centromeric core sequence, distances Ͼ1 kb from the CEN. Importantly, quantification of our data has revealed that we are able to readily detect 35-fold differences in intensity in Cse4 localization to various nucleosomal fragments. This difference is striking because changes in protein localization reported as significant by standard ChIP are often 2-fold. Taking these results together, the singlenucleosome resolution provided by our modified ChIP approach indicates that the budding yeast CenH3, Cse4, is present only in the nucleosome formed over the CEN, and these data are consistent with ref. 10 .
One Cse4 Nucleosome per Budding Yeast KT-Forming Unit. To determine whether one Cse4 nucleosome per CEN is a general feature of budding yeast CENs, we examined the localization of Cse4 to Chromatin was treated with MNase, and the DNA was isolated and subjected to electrophoresis on a 1.5% agarose gel in the presence of ethidium bromide. Partial MNase digestion generates a nucleosomal DNA ladder with visible mono-, di-, tri-, and tetranucleosomal fragments. (B) CEN DNA is present in extracted MNase-treated chromatin used for ChIP. Southern blot analysis was performed on the isolated input DNA (IN) in A by using a probe specific for the CEN4 nucleosome. M, radiolabeled 100-bp ladder marker. (C) Southern blot analysis on Cse4-associated chromatin preserves size and positional information. Chromatin is digested with MNase (scissors), and Cse4-associated chromatin is immunoprecipitated with antibody. If Cse4 localizes only to the CEN, a mononucleosome-sized fragment is detected only with a probe corresponding to the CEN, whereas probes distal to the CEN detect only increasingly larger fragments (scenario A). In contrast, if Cse4 localizes to both the CEN and the flanking nucleosomes, mononucleosome-sized fragments would be detected with the distal probes (scenario B). C4, Cse4; H3, canonical histone H3.
the CEN of chromosome IV (CEN4), the largest budding yeast chromosome. Examining Cse4 localization to CEN4 allowed us to simultaneously test whether the size of centromeric chromatin established by the deposition of Cse4 varies with the size of the chromosome, perhaps to withstand the increase in torsional stress necessary to pull larger chromosomes to the poles (14, 15) . Consistent with this hypothesis, chromosome size appears to contribute to the level of CenH3 incorporation at human CENs (16) . However, with our single-nucleosome resolution ChIP technique, a mononucleosome-sized DNA fragment was detected only with a probe specific to the CEN4 core sequence, whereas probes to the Ϫ1 and ϩ1 nucleosome positions recognized dinucleosome-sized fragments (Fig. 4A ). This same Cse4 localization pattern was also observed at CEN6 (data not shown). Therefore, one Cse4 nucleosome per KT-forming unit appears to be a general feature of budding yeast CENs.
Throughout the centromeric chromatin of flies and humans, blocks of CenH3 nucleosomes alternate with blocks of H3 nucleosomes (6). Therefore, it remained possible that Cse4 nucleosomes are present at greater distances from the CEN than we have analyzed, a hypothesis consistent with microarray data suggesting that Cse4 localizes to a 20-kb region around the core CEN (12) . To address this possibility, we tested for Cse4 localization by using Ϸ600-bp probes Ϸ3 kb to the left or right of CEN6, chromosomal positions previously shown to be positive for Cse4 localization (12) . Although the use of a larger probe compromises positional information, detection of a mononucleosome-sized fragment is sufficient to indicate the presence of a Cse4 nucleosome within the 600-bp fragment. However, we were unable to detect any Cse4 localization to these genomic loci (Fig. 4B) , even though hybridization of these same Southern blots with probes specific to either the Ϫ2 or the ϩ1 nucleosome, respectively, showed Cse4 localization to CEN3 (data not shown). Taken together, these data clearly show the generality of one Cse4 nucleosome per KT in budding yeast.
Discussion
Here, we describe a ChIP approach with resolution capable of determining the histone content of individual nucleosomes. With this assay, we were able to unambiguously show that the budding yeast CenH3, Cse4, is present in a single, stably posi- Fig. 2 . A single Cse4 nucleosome forms over the CEN. MNase-treated chromatin prepared from strain SBY5146 (FLAG-CSE4) was immunoprecipitated with anti-FLAG agarose beads. Cse4-associated DNA was isolated and separated on a 1.5% agarose gel. Southern blotting was performed with probes specific to either the CEN3 or a CEN3-flanking nucleosome. M, radiolabeled 100-bp ladder marker; IP, the DNA bound to Cse4. Fig. 3 . Detection of a Cse4 mononucleosome at the CEN depends on the inclusion of anti-Cse4 antibody. MNase-treated chromatin prepared from strain SBY3 was immunoprecipitated with protein G Dynabeads in the presence (w/ Ab) and absence (w/o Ab) of anti-Cse4 antibody. Cse4-associated DNA was isolated and separated on a 1.5% agarose gel. Southern blotting was performed with a probe specific to the CEN3. M, radiolabeled 100-bp ladder marker; IN, input DNA; IP, the DNA bound to Cse4. MNase-treated chromatin prepared from strain SBY5146 (FLAG-CSE4) was immunoprecipitated with anti-FLAG agarose beads. Cse4-associated DNA was isolated and separated on 1.5% agarose gel. Southern blotting was performed with probes specific to either the CEN4 or a CEN4-flanking nucleosome. (B) MNase-treated chromatin prepared from strain SBY5146 (FLAG-CSE4) was immunoprecipitated with anti-FLAG agarose beads. Cse4-associated DNA was isolated and separated on 1.5% agarose gel. Southern blotting was performed with 600-bp probes specific to sequences Ϸ3 kb to the left (Ϫ3 kb) or right (ϩ3 kb) of CEN6. M, radiolabeled 100-bp ladder marker; IN, input; IP, the DNA bound to Cse4. tioned nucleosome over the CEN, a pattern that is independent of chromosome size.
Utilization of a Native ChIP-Southern Blot Assay for Histone Localization. Conventional ChIP does not provide the single-nucleosome resolution needed to address the precise position and/or composition of nucleosomes, because this technique utilizes sonication to shear DNA, which typically results in average size DNA fragments that can easily accommodate more than one canonical nucleosome. Consequently, the use of sonicated DNA as a template for PCR results in the amplification of genomic regions that may not directly associate with a particular histone. In contrast, our approach relies on the use of partial MNase digestion to generate a distribution of nucleosomal-sized fragments that allows for the determination of the exact size of the DNA associated with a histone when analyzed by Southern blot analysis. We have demonstrated the advantages of this technique in determining the genomic localization of CenH3. This approach will be generally applicable in identifying the position and post-translational modification state of other histones and possibly other DNA binding proteins on a nucleosome-bynucleosome basis at any genomic locus. In addition, this technique provides an alternative to microarrays when the need for singlenucleosome resolution is limited to a few genomic loci rather than the entire genome. Aside from the localization of Cse4 described here, the extent of localization of other histones or nucleosomal binding proteins could be mistaken due to the inherent mobility of a nucleosome, because our approach did not include a cross-linking reagent. However, Ϸ70% of yeast nucleosomes are well positioned, reducing such nucleosome delocalization concerns (13) . Modifications of our experimental protocol to include a cross-linking reagent should further eliminate reservations over nucleosome mobility.
One Centromeric Nucleosome: Implications for CEN Identity. The organization of centromeric chromatin is essential not only for KT function during each round of mitosis but also for CEN propagation after each round of genome duplication. After DNA replication, existing histone octamers randomly distribute to each of the daughter strands, while newly synthesized histones fill in the gaps (17, 18) . Although such a passive mechanism may suffice for the propagation of CENs composed of large arrays of CenH3s, we have shown that yeast CENs contain only one Cse4 nucleosome. Assuming a conservative segregation of octamers, as it occurs throughout the genome (17, 18) , only one sister chromatid would inherit the old Cse4 nucleosome. In this case, CEN identity must be established by the de novo deposition of CenH3 every cell cycle on the other sister chromatid. In fact, there is evidence to suggest that such de novo deposition may not be limited to one sister chromatid, but that there is complete exchange of Cse4 at CENs after DNA replication in budding yeast (19) .
Mechanisms to Ensure a Single CEN Nucleosome. With a single centromeric nucleosome, one way budding yeast could establish CEN identity each cell division would be to prevent canonical H3 from being deposited at CENs. Aside from one discrepancy (20) , recent data have shown that canonical H3 is capable of assembling into a nucleosome over the CEN-determining elements (21, 22) , an observation that we have also made (S.F. and S.B., unpublished data). Therefore, in addition to the direct deposition of CenH3 at the CEN, CenH3 assembly may also occur by replacing canonical H3. Histone replacement would not be surprising because other histone variants, such as H2A.Z and H3.3, use such a mechanism (23) (24) (25) (26) . If a replacement mechanism exists, it may explain the observation that budding yeast CENs are one of the earliest replicating regions of the genome (27) . Early CEN replication could allow time for canonical H3 to be replaced with CenH3, thus ensuring that KTs are assembled before mitosis.
Budding yeast are unique in that the centromeric DNA is a defined sequence of Ϸ125 bp that is capable of forming a functional KT (for reviews, see refs. 28 and 29). Yet, DNA sequence alone seems insufficient to ensure proper Cse4 localization because distinct KT proteins are essential for Cse4 localization (22, 30, 31) . Consistent with this, KT proteins are also required for CenH3 localization in multicellular eukaryotes (32) (33) (34) (35) (36) . Although these proteins may play a direct role in CenH3 localization, it is just as likely that they assemble a structure that promotes CenH3 binding or stabilizes CenH3 after deposition.
The deposition of histones requires a protein chaperone to prevent histone aggregation and promote proper nucleosome assembly (for reviews, see refs. 37 and 38); therefore, we anticipate that there is specific Cse4 deposition machinery. Presently, the only protein known to act as a CenH3 chaperone is the RbAp48 protein, which directs the assembly of Drosophila CenH3 and histone H4 in vitro (39) and is required for CenH3 localization in fission yeast and humans (33) . To date, the role of RbAp48 in Cse4 localization has not been explored. The recently described Cse4-interacting protein Scm3 (20, 22, 40) has also been proposed to be a potential chaperone (40) .
CenH3 may also direct its centromeric localization. Recently, it was shown that loop 1 of CenH3 is sufficient for targeting to CENs (41) and the CEN-targeting domain (CATD) of yeast CenH3, which contains loop 1, is sufficient to target a chimeric canonical H3-CATD protein to the CEN, where it can rescue depletion of CenH3 (42) . This domain confers a structural rigidity to a CenH3/H4 tetramer in vitro (43) , which has been proposed to generate a specialized CEN chromatin structure that results in the recruitment of new CenH3 molecules to previously assembled CenH3. However, in light of our data showing only one CenH3 nucleosome at the CEN in budding yeast, de novo CEN formation is likely required during each round of cell division, making it unclear how a self-recruitment model would be used.
Structure of Centromeric Nucleosomes: More Questions Than Answers. In budding yeast, the bulk of DNA is wrapped around a canonical histone octamer composed of two molecules of each of four histones, H2A, H2B, H3, and H4. Cse4 has been shown to copurify with H2A, H2B, and H4, as well as exhibit genetic interactions with H2A and H4 (10, 44, 45) , suggesting that centromeric nucleosomes are structurally similar to canonical nucleosomes. However, a recent study suggests that Cse4 and canonical H4 associate with the nonhistone protein Scm3 instead of H2A and H2B to form a novel hexameric nucleosomal core structure at the CEN (20) . It will therefore be critical to determine the histone/nonhistone components associated with budding yeast CenH3 by examining their localization to the CEN at precise cell cycle intervals. Such an experiment is also particularly noteworthy in light of several groups reporting the deposition of CenH3 outside of S phase (42, (46) (47) (48) , a detail that has not been observed in budding yeast (19, 49) . Because of the ability to achieve single-nucleosome resolution, utilization of our modified ChIP protocol should clarify the protein content of the centromeric nucleosome.
Conclusions and Perspectives. Our data show that a single centromeric nucleosome is sufficient for the formation of a functional microtubule binding site in budding yeast, results that have been independently confirmed through similar modifications of the standard ChIP protocol (M. Smith, personal communication). Consequently, it is critical that CenH3 is prevented from mislocalizing to euchromatin, where it could form ectopic KTs (4). The cell routinely establishes chromatin barriers to restrict the spreading of one epigenetic chromatin state into that of another (for review, see ref. 37 ). Hence, identifying whether such mechanisms prevent CenH3 from spreading into euchromatin is the next step in understanding the link between the structural organization of centromeric chromatin and the maintenance of genomic stability. -1 leu2-3,112 his3-11,15 trp1-1 can1-100 ade2-1 RAD5 ϩ hht1⌬-hhf1⌬:HygB hht2⌬-hhf2⌬:NAT (pSB977 T7-HHT2, HHF2, TRP1, CEN). All strains are isogenic with the W303 background.
Materials and Methods
Yeast Nuclei Preparation. This technique was taken from refs. 9 and 52 and adapted as described below. Cells were grown to OD 600 ϭ 0.7-0.8 in yeast extract/peptone/dextrose (YPD) at room temperature. Cells were harvested at 4,000 rpm for 10 min at 4°C in a Beckman JA-10 rotor and washed once with distilled deionized H 2 O. The equivalent of 500 ml of cell culture was resuspended in 1.2 M sorbitol/100 mM potassium phosphate buffer, pH 7.5/0.5 mM CaCl 2 /7 mM 2-mercaptoethanol and incubated at 37°C for 15 min. Cells were then spheroplasted to 80-90% less than the starting OD with 450 l of 1 mg/ml Zymolyase-100T (Seikagaku, Tokyo, Japan) for Ϸ10 min at 37°C. Spheroplasting was monitored by measuring the OD 600 in 1% SDS. Spheroplasts were pelleted at 3,000 rpm for 5 min at 4°C in Heraeus high conic rotor no. 75003046 (Thermo Fisher Scientific, Waltham, MA). Spheroplasts were washed twice in 25 ml of SPC (1 M sorbitol/20 mM Pipes, pH 6.3/0.1 mM CaCl 2 ) with 1 mM PMSF and 1ϫ LPC (l0 g/ml each of leupeptin, pepstatin A, and chymostatin) and spun at 3,000 rpm for 5 min at 4°C in between washings. Spheroplasts were then resuspended in SPC and gently added to 25 ml of Ficoll buffer (9% Ficoll 400/20 mM Pipes, pH 6.3/0.5 mM CaCl 2 ) while stirring. Nuclei were collected by spinning at 8,000 rpm for 20 min at 4°C in Heraeus high conic rotor no. 75003046. Pellets were washed twice with SPC/1 mM PMSF/1ϫ LPC, and spun at 6,000 rpm for 10 min at 4°C. The final pellet (Ϸ500 ml of cell equivalent) was resuspended in 5 ml of SPC with 1 mM PMSF and 1ϫ LPC, frozen in liquid nitrogen, and stored at Ϫ80°C.
MNase Treatment of Yeast Nuclei.
A 500-ml cell equivalent of yeast nuclei that was resuspended in 5 ml of SPC was thawed, and CaCl 2 was added to a final concentration of 2 mM. The nuclei were prewarmed at 37°C for 5 min, and then Ϸ416 units of MNase (Worthington Biochemicals, Lakewood, NJ) was added at 37°C for 15 min. Reactions were immediately stopped with 10 mM EDTA, and the nuclei were pelleted at 3,000 rpm for 10 min at 4°C in Heraeus high conic rotor no. 75003046. The supernatant (S1) was recovered and Triton X-100 was added to 0.1% before immunoprecipitation. The pellet was resuspended in hypotonic buffer, Ϸ1.67 ml of 10 mM Tris/1 mM EDTA, pH 7.4 (TE), with 0.1% Triton X-100, 1ϫ LPC, and 1 mM PMSF, and rotated at 4°C overnight to further extract chromatin. This sample was pelleted at 8,000 rpm for 10 min at 4°C in Heraeus high conic rotor no. 75003046, and the second supernatant (S2) was recovered. We obtained the same localization results with S1 and S2.
Immunoprecipitation of MNase-Treated Chromatin. After the isolation of chromatin, PBS350 (PBS supplemented with NaCl to 350 mM/1ϫ LPC/1 mM PMSF/1 mM EDTA, pH 8.0) was added to the S1 and/or S2 to a final salt concentration of 100 mM. A portion of this sample was set aside (input). Beads were then prepared for immunoprecipitation by washing with PBS100 (PBS adjusted to 100 mM NaCl/1ϫ LPC/1 mM PMSF/1 mM EDTA). FLAG-agarose beads (Sigma-Aldrich, St. Louis, MO) or protein G-coupled Dynabeads (Invitrogen, Carlsbad, CA) with anti-Cse4 antibody (235N) were used for CSE4 immunoprecipitation. Protein G Dynabeads with 2.5 g of T7-TAG antibody (Novagen, Madison, WI) were used for T7-H3 immunoprecipitation. S1 or S2 supernatant was added to the beads and incubated at 4°C for at least 2 h. After immunoprecipitation, beads were washed twice with PBS100. Proteins were eluted by boiling in 2ϫ sample buffer (160 mM Tris⅐HCl, pH 6.8/4% SDS/20% glycerol/20 mM EDTA/0.00026% bromophenol blue/1ϫ LPC/ 1 mM PMSF). After the addition of EDTA (5 mM final) and RNase A (250 g/ml final), the DNA was eluted from the beads by proteinase K digestion. DNA samples were extracted with phenol/chloroform/isoamyl alcohol and then precipitated with ethanol.
Southern Blot Analysis. After immunoprecipitation, DNA associated with the histone of interest was run on 1.5% agarose gel at 150 V until the loading dye was Ϸ12-13 cm from wells. Digested genomic DNA prepared from SBY3 was also run as a control. For gels ultimately hybridized with probes specific to CEN3, genomic DNA was digested with SspI, whereas DdeI was typically used for CEN4. Three thousand counts per minute of [ 32 P]dCTP Klenow filled-in 100-bp ladder (Amersham Biosciences, Piscataway, NJ) was used as marker. After electrophoresis, gels were prepared for transfer by rinsing with distilled deionized H 2 O, and then they were incubated with 0.25 M HCl for 10 min, 0.4 M NaOH/0.6 M NaCl for 25 min, and 1.5 M NaCl/0.5 M Tris, pH 8.0, for 25 min. DNA was wick transferred to nylon membrane (GeneScreen; PerkinElmer, Waltham, MA) overnight in 2ϫ SSC buffer. DNA was cross-linked to the membrane by using a Gene Linker (program C3, 150 mJ) from Bio-Rad (Hercules, CA). Cross-linked membranes were then incubated in hybridization solution for a minimum of 1 h before addition of probe, which was generated by random priming in the presence of either [ 32 P]dATP or [ 32 P]dCTP (53) . Blots were incubated with probe overnight at 60°C and then washed three times (2ϫ SSC, 2ϫ SSC/1% SDS, 0.1ϫ SSC) to remove nonspecific signal. Blots were exposed to either film or phosphorscreen. Quantification of Southern blots was performed by using ImageQuant TL (Amersham Biosciences, Piscataway, NJ).
